Neurotransporters located in synaptic vesicles are essential for communication between nerve cells in a process mediated by neurotransmitters. Vesicular monoamine transporter (VMAT), a member of the largest superfamily of transporters, mediates transport of monoamines to synaptic vesicles and storage organelles in a process that involves exchange of two H + per substrate. VMAT transport is inhibited by the competitive inhibitor reserpine, a second-line agent to treat hypertension, and by the noncompetitive inhibitor tetrabenazine, presently in use for symptomatic treatment of hyperkinetic disorders. During the transport cycle, VMAT is expected to occupy at least three different conformations: cytoplasm-facing, occluded, and lumen-facing. The lumen-to cytoplasm-facing transition, facilitated by protonation of at least one of the essential membrane-embedded carboxyls, generates a binding site for reserpine. Here we have identified residues in the cytoplasmic gate and show that mutations that disrupt the interactions in this gate also shift the equilibrium toward the cytoplasm-facing conformation, emulating the effect of protonation. These experiments provide significant insight into the role of proton translocation in the conformational dynamics of a mammalian H + -coupled antiporter, and also identify key aspects of the mode of action and binding of two potent inhibitors of VMAT2: reserpine binds the cytoplasm-facing conformation, and tetrabenazine binds the lumen-facing conformation.
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neurotransmitter transporter | ion coupling | reserpine | tetrabenazine N euronal communication is dependent on the transmission of nerve impulses through chemical synapses, junctions at which electrical signals are relayed from one neuron to another via classical neurotransmitters. Transport and storage of neurotransmitters in secretory vesicles, mediated by vesicular neurotransmitter transporters, allow the regulated exocytosis of neurotransmitters to the synaptic cleft (1) (2) (3) (4) . Vesicular transporters of cationic neurotransmitters include the vesicular monoamine transporters (VMATs) and acetylcholine transporter (5, 6) . Two monoamine transporters, VMAT1 and VMAT2, are responsible for the uptake of dopamine, serotonin, adrenaline, noradrenaline, and histamine in a process that involves the exchange of two protons for one substrate molecule (1) (2) (3) 7) .
The VMATs belong to the major facilitator superfamily (MFS) of secondary transporters. Analysis of the available crystal structures of MFS transporters reveals multiple conformations during the transport cycle (8) , consistent with the alternating access model, which best describes the general transport mechanism (9) . A remarkable body of biochemical and biophysical data on the H + -coupled β-galactoside symporter LacY, one of the best-studied MFS transporters, provides strong support for this model (10, 11) . Despite these impressive advances, the precise molecular mechanism of coupling between the movements of proton and substrate remains elusive. Protonation and deprotonation of key residues are suggested to function as a "molecular switch" that induces conformational changes (8, 10) . In H + -coupled symporters, binding of substrate and generation of the ternary complex allow for the conformational switch between lumen-facing (C lum ) and cytoplasm-facing (C cyt ) states. In contrast, in H + -coupled antiporters, protonation and substrate binding are thought to be mutually exclusive and thus the conformational switch can presumably occur after binding of either one (12) .
In addition to the native substrates, VMATs interact with many clinically relevant drugs, including the psychostimulant 3,4-methylene-dioxymethamphetamine and the parkinsonian toxin 1-methyl-4-phenylpyridinium (MPP + ) (7, 13, 14) . For example, heterologous expression of VMATs protects mammalian and yeast cells against MPP + toxicity by sequestering the toxin in vesicles and away from its primary site of action in mitochondria (7, 15) .
The best-characterized inhibitors of VMATs are reserpine and tetrabenazine (TBZ) (1) . Reserpine is an indole alkaloid, an antipsychotic and antihypertensive drug rarely used today (16, 17) . TBZ is a clinically relevant drug that is used for treatment of hyperkinetic disorders associated with Huntington's disease and Tourette's syndrome (18) .
Reserpine is a high-affinity competitive inhibitor of VMATs (19, 20) . Its binding has been investigated in detail in chromaffin granules from bovine adrenal medulla (21, 22) and in proteoliposomes reconstituted with purified transporter (23). Binding of [
3 H]reserpine is accelerated upon imposition of a proton electrochemical gradient across the membrane, suggesting that high-affinity binding sites are recruited upon imposition of the gradient (22) (23) (24) .
In contrast to reserpine, TBZ depletes predominantly central rather than peripheral amine stores (25) because of a significantly Significance Vesicular monoamine transporters (VMATs) are the targets of numerous psychoactive drugs, and play a critical role in the overall process of synaptic transmission by replenishing depleted monoamine stores in synaptic vesicles. VMATs transport monoamines in a process that involves exchange of two H + per substrate. Here we show that two potent inhibitors of VMAT2, tetrabenazine and reserpine, bind to different conformations of the protein. The transition that generates a reserpine-binding site requires a proton gradient across the membrane. Here we emulate the effect of the proton gradient by tinkering with residues that form the cytoplasmic gate. These findings provide vital information about the conformational dynamics of a mammalian H + -coupled antiporter. Such conformational transitions constitute essential steps in all transport processes. This article is a PNAS Direct Submission.
Data deposition: The rVMAT2 model reported in this paper has been deposited in the Protein Model DataBase, https://bioinformatics.cineca.it/PMDB/ (accession no. PM0080553). greater specificity for VMAT2 over VMAT1 (26) . TBZ is a noncompetitive inhibitor of transport that prevents binding of reserpine and substrates. Consequently, reserpine and substrates inhibit [ 3 H]TBZ binding only at concentrations 100 times higher than their respective K D and K M values (22, 27) . A general mechanism of VMAT2 inhibition by TBZ has been proposed that involves two major steps, namely initiation of the TBZ-bound conformation, followed by immobilization of the transporter by generation of a dead-end complex of TBZ with the transporter (28) . However, the molecular nature of these processes, like the mechanism of proton coupling, remains to be elucidated.
Here we identify mutants that alter the nature of the conformational equilibrium and mimic the protonated state of VMAT2. We show that these mutants eliminate the requirement for a proton gradient normally necessary for reserpine binding and for reserpine inhibition of TBZ binding, and that they have a higher propensity to adopt a C cyt state, according to accessibility studies. These data suggest that the residues at these positions are essential for keeping the cytoplasmic gate closed. Moreover, we speculate that TBZ binding prevents reserpine and substrate binding by inducing a closed state in wild-type VMAT2 that cannot undergo proton-induced conformational changes.
Results
Accessibility of Reserpine to Its Binding Site Is Dramatically Enhanced by Modifications Close to the Cytoplasmic End of Transmembrane 11.
We previously identified two clusters of residues that appear to function as molecular hinge points about which the two sixtransmembrane-helix bundles flex and straighten to open and close the pathways on either side of the membrane as required for transport (29) . Specifically, the data suggested that polar residues in transmembrane (TM)2 and TM11 create a hydrophilic cluster in one of the anchor points, whereas the other anchor point involves hydrophobic interactions between TM5 and TM8. To further understand their role and to map the pathways leading from the hinge points, we initiated a study of the accessibility of Cys replacements along TM11. To perform such studies, rat VMAT2 (rVMAT2) was expressed in HEK293 cells where the wild-type protein binds [ ]serotonin into vesicles in a process that is dependent on the proton gradient generated by a V-type ATPase (Fig. 1A) . To assay for both activities, the plasma membrane was permeabilized with digitonin, and the cells were then challenged with the radiolabeled compounds. To generate the vesicular pH gradient necessary for the transport reaction, ATP was supplied along with serotonin. The ionophore nigericin (Nig) was used to collapse the pH gradient (Fig. 1A) .
Characterization of the Cys replacements in TM11, and specifically of Y423C, revealed unforeseen effects on their binding of TBZ and reserpine. TBZ is a mixed-type inhibitor that prevents binding of reserpine or of transportable substrates to the wild-type protein, as suggested by the finding that they both inhibit TBZ binding only at concentrations that are orders of magnitude higher than their respective K D and K M , (22, 27 ) (see also Fig. S1 for a more detailed study). In particular, reserpine, which binds to wildtype rVMAT2 with a K D of ∼5 nM (30) , inhibited TBZ binding to wild-type rVMAT2 by ∼50% only when present at concentrations as high as ∼1 to 2 μM (Fig. 1B, □) . Surprisingly, however, TBZ binding to Y423C rVMAT2 was 50% inhibited at <10 nM reserpine (Fig. 1B, •) , suggesting that the mutation generates a conformation in which the accessibility of reserpine to its binding site is dramatically enhanced. Other replacements at the same position (Y423A/S/F) displayed robust TBZ binding (Fig. 1C) and led also to a pronounced increase in TBZ sensitivity (Fig. 1D) .
The above findings suggest that in the mutants of position 423, TBZ can no longer prevent binding of reserpine. We therefore hypothesized that the mutations induced a conformation that favors binding of reserpine. To test this hypothesis directly, we assayed [ 3 H]reserpine binding in the presence and absence of a proton electrochemical gradient. This gradient was generated by adding ATP to stimulate the V-ATPase, and was collapsed by the addition of nigericin, a K + /H + ionophore. As expected from previous results (24) , robust binding was observed to wild-type rVMAT2 in the presence of a proton gradient (>0.11 pmol) but binding was reduced in its absence (0.02 ± 0.008 pmol) (Fig. 1E) . In contrast, the various replacements at position 423 allowed [ 3 H]reserpine to bind to practically the same extent in both the presence and absence of a proton gradient (Fig. 1E ). We hypothesize that mutations at position 423 mimic the effects of the proton gradient and modify the conformational equilibrium in such a way that allows reserpine to bind more readily. Notably, the replacements can still support TBZ binding, and three of them still display robust serotonin transport ( Fig. 1 C and F, respectively) .
Homology Modeling Predicts That Y423 Contributes to the Cytoplasmic
Gate. To understand the molecular basis of the unique behavior observed in the Y423 mutants, we constructed a homology model of rVMAT2 in a lumen-facing conformation, using a recently reported structure of a putative H + -dependent transporter, YajR, as a template (31) (Materials and Methods and Fig. S2 ). According to both the previous model based on LacY (29) and the new model based on YajR, Y423 is located in the cytoplasmic end of TM11 ( Fig. 2A) . Analysis of the model revealed that Y423 is located very close to M222, which is in TM5. Interestingly, we were able to identify a second set of interactions involving Y419 and R218, just one helical turn away from Y423 and M222, respectively ( Fig. 2A and Fig. S2) . A recent study that analyzed all available crystal structures in the MFS concluded that the cytoplasmic gate is formed by residues in TMs 4, 5, 10, and 11 (32) . This led us to test the hypothesis that the above network of interactions connecting the cytoplasmic ends of TM5 and TM11 contributes to the cytoplasmic gate in VMAT2.
Mutagenesis Studies Validate the Proposed Roles. To test the above hypothesis, we generated various replacements at positions 419, 218, and 222 and tested the effect of each replacement on the ability to bind [ 3 H]reserpine in the absence of a proton gradient. Mutating these residues should shift the equilibrium of the transporter to more cytoplasm-facing, reserpine-binding states even in the absence of a proton gradient, similar to the effect of mutations at Y423 (Fig. 1E) . The results in Fig. 2B show that indeed, unlike wild-type rVMAT2, the Ala, Ser, and Phe replacements at position 419 allowed efficient [ 3 H]reserpine binding that was independent of the presence (−Nig) and absence (+Nig) of a proton gradient. Moreover, as shown in Fig. 2B , binding of reserpine to R218A/H was also independent of the generation of a proton gradient, supporting a central role of Tyr419 and Arg218 (Y-R) in the intracellular gate. Unlike the mutations at position 423, replacements in the Y-R positions had a profound effect on serotonin transport and TBZ binding (Fig. 2 C and D) . Both R218 replacements resulted in only very low (R218A) or no (R218H) transport. Both mutations, especially R218H, also had an inhibitory effect on TBZ binding. In the case of position 419, the Ala and Ser replacements displayed practically no transport activity (Fig. 2C ) and, correspondingly, very low TBZ binding (Fig. 2D) , whereas Y419F retained wild-type-like activity. These results point to the significance of an aromatic residue at position 419, and raise the possibility that Y419 and R218 interact via cation-π interactions that the His replacement (R218H) is too short to achieve.
Similar studies with the potential counterpart of Y423 revealed that mutating M222 (TM5) to Ser generated a protein that binds [ 3 H]reserpine equally efficiently in the presence and absence of a proton gradient (Fig. 2B) . Replacement with Leu, a hydrophobic residue, retained some of the dependence of [ 3 H]reserpine binding on the proton gradient, as nigericin inhibited by ∼50% (Fig.  2B) . Replacement with Phe, a bulky aromatic residue, strongly impaired binding (Fig. 2B) . Similar to the mutations at position Y423, M222 mutants were still able to transport serotonin, albeit to lower levels (Fig. 2C) , and had no substantial effect on TBZ binding ability (Fig. 2D) .
The similarity of the phenotypes prompted us to speculate that the above residues act as two "locks," the "inner lock" being Y423-M222 and the "outer lock" composed of Y419-R218 (Fig. 2A) . Notably, although replacements in all of the above positions allow binding of reserpine independent of the proton gradient, only replacements at the Y419-R218 positions have a strong effect on TBZ binding and serotonin transport. This raises the question of why the hypothetical inner-lock mutations do not affect the latter processes despite affecting the former. We suggest that replacements at positions 423-222 moderately affect the conformational equilibrium, so that a high-affinity binder such as reserpine can still shift the equilibrium. This suggestion is supported by the fact that a binder with lower affinity, such as serotonin, inhibits TBZ binding in mutants of Y419 and R218 but not in mutants of Y423 or M222 (Fig. S3) . Moreover, inhibition of TBZ binding (and therefore a high ratio of reserpine to TBZ binding) by modification of the Y-R positions seems to indicate here a lack of ability to complete the transport cycle (Table S1 ).
Accessibility of the Gating Residues. The role of the Cys residues in human VMAT2 has been studied in detail (33) . Sulfhydryl reagents such as N-ethylmaleimide (NEM) or the methanethiosulfonate (MTS)-based compounds inhibit TBZ binding and serotonin transport in digitonin-permeabilized cells (33) , but only 1 of the 10 Cys residues (the position equivalent to C431 in TM11 in the rat homolog) (Fig. 3A) is responsible for the majority (∼80%) of this effect in human VMAT2. The secondary target (responsible for ∼20% inhibition) is one or more of the four cysteines not within the TM domains. All of the Cys residues are conserved in rVMAT2 at the corresponding positions and, as will be shown below, C431 in TM11 is the primary target also in rVMAT2. Because the fully Cysless human VMAT2 is known to be inactive (33), we constructed a partially Cys-less mutant in rVMAT2 that can serve as a background for Cys accessibility studies. In this mutant, referred to as Δ5, we replaced all of the non-TM cysteines with Ser (C118, C325, C468, and C489) (Fig. 3A, green circles) whereas C431 was replaced with Ala (Fig. 3A, pink circle) . As expected from the results with human VMAT2, TBZ binding to wild-type rVMAT2 (Fig. 3A , solid blue square), but not to Δ5 (Fig. 3A , solid green circle), was inhibited by the membrane-permeant sulfhydryl reagent 2-aminoethyl methanethiosulfonate (MTSEA) (Fig. 3B) . Specifically, binding to the wild-type was inhibited by ∼50% at around 0.5 mM MTSEA, and residual activity of about 20% persisted even at 5 mM reagent concentration. Addition of up to 5 mM membrane-impermeant, negatively charged reagent (2-sulfonatoethyl) methanethiosulfonate (MTSES) (Fig. 3C ) also did not inhibit TBZ binding to either the wild-type (Fig. 3C , solid blue square) or Δ5 constructs (Fig. 3C, solid green circle) . In these digitonin-permeabilized cells, the vesicles are right-side-out (Fig. 1A) . Thus, membrane-impermeant reagent/MTSES is only accessible to the cytoplasmic side, whereas the permeant reagent/MTSEA can access the lumen. Because only MTSEA reacts with the wild-type protein, the difference in wild-type reactivity to MTSEA and MTSES suggests that the native Cys431 is accessible from the lumen and/or the membrane, and not from the cytoplasm. Importantly, these data show that Δ5 rVMAT2 provides a good template for studying accessibility and reactivity of Cys replacements.
We first studied the accessibility of two of the gate positions using Cys replacements in this Δ5 background. A Cys introduced at position 423 (Y423C) was highly accessible to both MTSEA and MTSES ( Fig. 3 B and C, solid orange triangle). This finding is most striking for MTSES, which, as mentioned, did not inhibit TBZ binding to wild-type rVMAT2 even at 5 mM (Fig. 3C , solid blue square), whereas 50 μM MTSES inhibited 80% of the TBZ binding activity of Y423C. A similar picture was observed with a Cys replacement at position 222 (M222C). Specifically, TBZ binding activity of this mutant was inhibited by ∼50% using around 100 μM [2-(trimethylammonium)ethyl] methanethiosulfonate (MTSET) or MTSES (Fig. 3D , solid green circle and solid orange triangle). Interestingly, MTSEA does not inhibit TBZ binding to M222C (Fig.  3D , solid blue square) even at 5 mM. However, this effect is not due to a lack of accessibility but rather to a limitation of our assay, which is based on a functional consequence of the reaction, namely on TBZ binding. Indeed, pretreatment with MTSEA (0.5 mM) prevents inhibition by either MTSES or MTSET (Fig. 3D , purple diamond and gray star). Thus, position 222 reacts also with MTSEA but does not prevent TBZ binding, suggesting that the smaller MTSEA adduct (similar to lysine) is compatible with the same interactions formed by the native Met side chain whereas the larger adducts of MTSET and MTSES are not compatible. Taken together, the reactivity to the membrane-impermeant reagents (MTSES and MTSET) indicates that, unlike the native cysteines, Y423C and M222C are accessible to the cytoplasm.
Mutation of the Cytoplasmic Gating Residues Increases the Sensitivity
of Native Cysteines to Permeant and Impermeant MTS Reagents. The reserpine binding results described above suggest that mutations in the proposed cytoplasmic gate shift the conformational equilibrium such that the reserpine-binding site becomes accessible. Indeed, when the sensitivity to MTSEA was tested in the background of Ala, Ser, or Phe substitutions in the Y-R and Y-M positions, we detected a dramatic increase in the apparent accessibility/reactivity to MTSEA for the native cysteines. Specifically, whereas TBZ binding to the wild-type was only partially inhibited even at 5 mM MTSEA, most of the mutants displayed a much higher sensitivity (Fig. 4A and Fig. S4) . Notably, the increase in accessibility correlates well with the ability of the mutants to transport serotonin. That is, whereas mutants that lacked any transport ability (Y419A/S, R218A/H) (Fig. 2C ) displayed drastic increases in apparent reactivity (Fig. 4A, Fig. S4 B and D, and Table S1 ), mutants that retained transport activity (Y423A/S/F, Fig. 1D ; M222L/S/F/C, Fig. 2C ) exhibited only small increases in sensitivity or none at all (Y419F) (Fig. S4B) . Remarkably, mutants of Y419 and R218 displayed an increased sensitivity also to the impermeant MTS reagents (MTSET and MTSES). Specifically, whereas 5 mM MTSET inhibited only ∼30% activity of the wild-type, binding in mutants Y419A/S and R218A/H was inhibited ∼60 to 70% (Fig.  4B) . Similarly, 5 mM MTSES had no effect on TBZ binding to the wild-type but had a significant (40 to 60%) effect on the activity of the Y419A/S and R218A/H mutants (Fig. 4C) .
These results support the notion that the mutations that inhibit TBZ binding and serotonin transport (Y419A/S, R218A/H) do so by shifting the conformational equilibrium of the transporter to the C cyt conformation, whereas the destabilization of the lumen-facing state by mutations at Y423 and M222 has a more moderate effect.
Protonation of D33 Shifts the Conformational Equilibrium. The results presented above reveal that mutating the cytoplasmic gating residues uncouples the dependency of reserpine binding from the proton gradient. This finding supports our previous hypothesis that, in parallel with its energetic role, the proton gradient favors a reserpine-accessible conformation (24) . Thus, we tested the possibility that protonation of one of the essential membrane-embedded carboxyl residues in rVMAT2 allows the conformational change necessary for reserpine binding. D33 (TM1) and E313 (TM7) are both highly conserved within the DHA12 subfamily (34) , and have both been found to be essential for transport activity (29, 35) . Moreover, we recently demonstrated the importance of the equivalent residues in a bacterial homolog of rVMAT2 (34) , and highlighted them both as putative proton-binding sites.
Hence, we mutated E313 and D33 to neutral residues (Q and N, respectively) and tested the mutants for reserpine binding. E313Q showed marginal activity that was insufficient for further characterization (Fig. 5A) . On the other hand, D33N, although it bound only marginal levels of TBZ and showed no detectable levels of serotonin transport (Fig. 5 B and C) , displayed robust levels of reserpine binding to levels about 50% of the wild-type (Fig. 5A) . Reserpine binding to D33N was not fully independent of the proton gradient, as shown by the finding that nigericin inhibits ∼50%, but it was less sensitive than binding to the wildtype, which was inhibited ∼90% (Fig. 5A) . Furthermore, the D33N mutation led to a 10-fold higher sensitivity to inhibition by MTSEA (IC 50 ∼30 μM compared with ∼300 μM) (Fig. 5D) , suggesting a conformational shift in D33N compared with wildtype rVMAT2. Taken as a whole, these results suggest that D33 contributes to the proton transport mediating the conformational change that generates a high-affinity binding site for reserpine.
Discussion
According to the alternating access mechanism, a transporter must be able to occupy at least three distinctive conformations: inward-facing, outward-facing, and occluded (9) . The transition between the different conformations is accompanied by the opening and closing of molecular gates, resulting in a transporter that does not open simultaneously to both sides (36) . In this work, our goal was to study the conformational states during the transport cycle of rVMAT2. We used two powerful pharmacological tools: TBZ, a noncompetitive inhibitor that prevents binding of substrates, and reserpine, a competitive inhibitor. TBZ binds to the transporter under a wide variety of conditions, including to the detergent-solubilized protein. On the other hand, to induce a reserpine-accessible state, a conformational change is needed that in turn requires translocation of at least one proton (24) .
Using these tools, and guided by a reliable molecular model of rVMAT2, we identified four residues from TM5 and TM11 as belonging to the cytoplasmic gate, and therefore key in defining the conformational equilibrium of rVMAT2. Specifically, our structural model predicts a Y-M pair (Y423 and M222) and a Y-R pair (Y419 and R218), of which the latter is closest to the cytoplasm ( Fig. 2A and Fig. S2B ). The involvement of residues from TM5 and TM11 in the cytoplasmic gate of other MFS transporters (32, (37) (38) (39) (40) is consistent with this proposed role.
Mutation of residues in these four positions (Y-M and Y-R) enhanced the ability of reserpine to inhibit binding of TBZ. In the case of Y423 substitutions, this effect was up to 100-fold ( Fig. 1 B  and D) . Moreover, mutation at any of the four positions facilitated reserpine binding in the absence of the proton electrochemical gradient (Figs. 1E and 2B) , from which we deduced that the mutants adopt a conformation similar to the one generated by the proton gradient. Together, these results suggest a link between the protonation event and the major conformational change of the transporter. By mutating one of the residues comprising the cytoplasmic gate, we apparently emulate this conformational change and artificially create the reserpine-accessible conformation.
Despite the consistency of the effects on reserpine binding at all four positions in the proposed gate, we noted some interesting differences depending on the particular substitution involved. Some of the mutations (Y419A/S, R218H) shift the transporter to the reserpine-binding conformation but render it incapable of completing the transport cycle or switching to a TBZ-binding conformation (Fig. 2 B-D) . A significant increase in the sensitivity to impermeant MTS reagents (Fig. 4 B and C) , suggesting a conformational shift, supports the notion that the mutants favor the cytoplasm-facing state. The Ala substitution R218A is not compatible with serotonin transport but still allows TBZ binding (Fig. 2 B-D) . Y419F behaves essentially as the wild-type, consistent with a requirement for aromatic interactions at this position. Notably, Y419S consistently binds twice the amount of reserpine as the wild-type (in the presence of a proton gradient), suggesting that even in the presence of a proton gradient the equilibrium of the wild-type is not completely shifted to the cytoplasmfacing configuration.
In the predicted "inner" Y-M positions, replacements at position 423 (Fig. 1 ) and, to a lesser extent, at 222 (Fig. 2) clearly affect reserpine binding in the absence of a gradient but have a smaller effect on the ability to bind TBZ or to transport serotonin.
We suggest that the mutations in all four positions, by modifying the interactions in the cytoplasmic gate, effectively destabilize the lumen-facing state and shift the equilibrium so as to increase the proportion of cytoplasm-facing transporters.
It is notable that the mutants that appear to favor the cytoplasmfacing conformation (mainly Y419S and R218H) are still capable of binding reserpine but not TBZ (Fig. 2) . We therefore hypothesize that whereas reserpine binds to the cytoplasm-facing conformation, TBZ binds to a cytoplasm-closed conformation (Fig. 6) . Such conformational selectivity is extremely useful, as it allows specific states in the transport cycle to be isolated biochemically. Such a selective inhibition is also a very rare property, and has been described, to our knowledge, for only three other transporters. One such example is the plasma membrane serotonin transporter SERT, where the noncompetitive inhibitor ibogaine stabilizes a cytoplasm-facing conformation, whereas other competitive inhibitors, such as cocaine, bind at the substrate-binding site in the cytoplasm-closed state (41, 42) . The other two examples are the ADP:ATP translocator protein (43) and the human erythrocyte glucose transporter (44) . Based on our data, therefore, we suggest using reserpine and TBZ binding as "markers" of the rVMAT2 conformational states.
To ensure coupling between H + and substrate transport, proton binding and release must facilitate unique conformational changes that in turn allow substrate binding or release (Fig. 6) . Protonation has been shown to induce conformational changes in other protoncoupled MFS transporters. For example, in FucP, protonation of a key carboxyl was suggested to facilitate the transition from extracellular-to cytoplasm-facing (45, 46) ; in EmrD, decreasing the pH led to opening of the cytoplasmic cleft (47); in LacY, deprotonation enabled a conformational change of the empty transporter (10, 48, 49) ; and a recent study suggested a protonation event as a molecular switch between conformations in LmrP (50) . Given that mutating D33 to Asn resulted in a very similar behavior to that of the gating mutants (Fig. 5) , namely no serotonin transport and TBZ binding yet normal reserpine binding even in the absence of Δμ H+ , we speculate that protonation of D33 may contribute to the opening of the cytoplasmic gate during the transition between lumen-facing and cytoplasm-facing states.
Together, our results provide important mechanistic insights into the transport cycle of rVMAT2 (Fig. 6) . Specifically, we propose that access of reserpine to the binding site is from the cytoplasmic side, because the mutations that perturb the interaction of the cytoplasmic gate appear to increase accessibility from the cytoplasm (Fig. 6) . In contrast, because the noncompetitive inhibitor TBZ does not require a proton gradient for binding, we therefore propose that TBZ binds to a site accessible from the lumen side (Fig.  6 ). This suggestion is supported also by the finding that mutants that bind reserpine in the absence of a proton gradient also do not bind TBZ (Fig. 2) , suggesting a complementary behavior. Once bound, TBZ presumably then prevents binding of substrates by inhibiting the opening of the cytoplasmic gate. Whether gate opening is prevented by inhibiting H + translocation or by TBZ interacting directly with conformationally important residues remains to be determined. Our finding that two potent inhibitors of rVMAT2 can be used to assess the conformation of VMAT2 should provide an important tool to aid in such studies in the future.
Materials and Methods
Plasmids. The rat VMAT2 gene (SLC18A2), with a hemagglutinin (HA) tag in the second loop between positions 96 and 105 as well as 10 histidine residues at the C terminus (51), was cloned into the pcDNA3.1 plasmid (Invitrogen) as described previously (29) . Site-directed mutagenesis was done with the QuikChange II Site-Directed Mutagenesis Kit (Stratagene). The sequences of all constructs were verified by DNA sequencing.
Cell Culture and Transfections. HEK293 cells were grown at 37°C under a 5% CO 2 atmosphere in DMEM with 10% (vol/vol) FBS (Biological Industries) and 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 0.25 μg/mL amphotericin B.
For rVMAT2 expression, cells grown in 10-cm plates to 40-50% confluence were transfected with 7 μg of plasmid DNA coding for wild-type or mutant rVMAT2 using PEI transfection reagent (Sigma). After 40-48 h, cells were treated with trypsin and collected, centrifuged for 3 min at 800 × g at 4°C, and washed twice with PBS. The cell pellet was frozen in liquid air and stored at −70°C.
Reserpine Binding Assays. Cells from one 10-cm plate were thawed at 37°C and resuspended with 5 mL wash buffer (140 mM KCl, 5 mM glucose, 5 mM MgCl 2 , 20 mM Hepes) supplemented with 5 mM ATP and permeabilized by the addition of 10 mM digitonin for 5 min. The binding reaction was started by the addition of 5 nM [ 3 H]reserpine (ViTrax Radiochemicals; 18 Ci/mmol), and cells were then incubated for 15 min at 37°C. Reactions were stopped by quickly diluting the cells with ice-cold binding buffer and collected by quick centrifugation (12,700 × g, 1 min). The cells were then solubilized in wash buffer supplemented with 15 μg/mL DNaseI (Sigma), protease inhibitor mixture (Sigma), and 1 mM PMSF using 2% (wt/vol) dodecyl-maltoside (DDM; Glycon). After 1 h of shaking at 4°C, cells were centrifuged for 10 min at 21,000 × g and incubated with Ni-NTA beads (Qiagen) for 1 h at 4°C. Beads were then spun down (1,300 × g, 1 min) and washed twice with wash buffer containing 0.08% DDM. After 20 min in 250 μL elution buffer with 450 mM imidazole at room temperature, beads were spun down and 200-μL aliquots were sampled. Radioactivity was measured using liquid scintillation. Fig. 6 . Schematic of the proposed transport cycle. For simplicity, only six TMs are shown. In the absence of a proton gradient, the dominant population is of the lumen-facing conformation, as indicated by the transporter's ability to bind TBZ but not reserpine. Binding of protons enables the conformational switch to the cytoplasm-facing conformation (step 1), whereas binding of substrate enables the change to the lumen-facing conformation (step 5). Binding of TBZ locks the transporter in a conformation that appears incompatible with substrate binding, and is therefore presumably not cytoplasm-facing. Binding of reserpine also locks the transporter in a dead-end conformation, but reserpine binding competes with substrate binding, and therefore the reserpine-bound conformation is presumably cytoplasm-facing. The dashed line for R indicates competition with substrate.
